ABSTRACT SOX9 controls cell lineage fate and differentiation in major biological processes. It is known as a potent transcriptional activator of differentiation-specific genes, but its earliest targets and its contribution to priming chromatin for gene activation remain unknown. Here, we address this knowledge gap using chondrogenesis as a model system. By profiling the whole transcriptome and the whole epigenome of wild-type and Sox9-deficient mouse embryo limb buds, we uncover multiple structural and regulatory genes, including Fam101a, Myh14, Sema3c and Sema3d, as specific markers of precartilaginous condensation, and we provide evidence of their direct transactivation by SOX9. Intriguingly, we find that SOX9 helps remove epigenetic signatures of transcriptional repression and establish active-promoter and active-enhancer marks at precartilage-and cartilage-specific loci, but is not absolutely required to initiate these changes and activate transcription. Altogether, these findings widen our current knowledge of SOX9 targets in early chondrogenesis and call for new studies to identify the pioneer and transactivating factors that act upstream of or along with SOX9 to prompt chromatin remodeling and specific gene activation at the onset of chondrogenesis and other processes.
INTRODUCTION
Chondrogenesis is a unique and essential process in development, in adult homeostasis, and in the repair of the vertebrate skeleton (Berendsen and Olsen, 2015; Kozhemyakina et al., 2015) . It generates embryonic cartilage primordia that prefigure most adult skeletal structures. These primordia give rise to cartilage growth plates, i.e. fast-growing templates and signaling centers for developing bones, in addition to life-long cartilage structures that support airways, the auditory system and synovial joints. Cartilage structures also impact the development and function of such skeleton-associated structures as the vascular network, tendons, ligaments and muscles (Berendsen and Olsen, 2015; Eshkar-Oren et al., 2009; Huang et al., 2015; Pryce et al., 2009; Subramanian and Schilling, 2015) . A deep understanding of the molecular mechanisms that underlie chondrogenesis is therefore necessary to fully understand the foundations of skeletogenesis, and to decipher the causes and improve treatments for cartilage malformation (chondrodysplasias) and adult-onset (namely osteoarthritis) diseases (Martel-Pelletier et al., 2016; Warman et al., 2011) .
The first hallmark of chondrogenesis is precartilaginous condensation (PC). PC starts when multipotent skeletogenic cells commit to chondrogenesis, strengthen their cytoskeleton, adopt a round shape and establish gap junctions (Edwards et al., 2010; Kim et al., 2009; Ray and Chapman, 2015) . Prechondrocytes initiate the avascular and aneural nature of cartilage by excluding other cell types from PCs, and then undergo overt chondrocyte differentiation. Although many structural and regulatory genes have already been described that control chondrocyte differentiation (Kozhemyakina et al., 2015; Liu et al., 2017) , the genes involved in committing progenitor cells to chondrogenesis and in generating PC remain ill defined. These genes likely include regulators of epigenetic and transcriptional events.
The SOX9 transcription factor has pivotal roles in cell-fate determination and differentiation in multiple processes (Jo et al., 2014; Lefebvre and Dvir-Ginzberg, 2017; Symon and Harley, 2017) . It is already expressed in multipotent skeletogenic cells; it continues to be expressed during chondrocyte lineage progression, except in terminally differentiating growth plate chondrocytes; and it has been proposed to drive chondrocyte specification and differentiation (Akiyama et al., 2002; Ng et al., 1997; Wright et al., 1995) . At the molecular level, SOX9 is known to activate many chondrocyte differentiation markers through direct binding to enhancers and promoters Ohba et al., 2015) . Sox9 was first shown to be essential at the onset of chondrogenesis, when mouse chimeras were created using Sox9-null and wild-type cells (Bi et al., 1999) . At embryonic day (E) 11.5, these chimeras exhibited intermingled mutant and wild-type cells in limb bud mesenchyme. By E12.5, however, wild-type cells had formed PCs, whereas mutant cells had apparently been expelled to the outskirts of the PC (Barna and Niswander, 2007; Bi et al., 1999) . In a subsequent study, Sox9 inactivation in early limb-bud mesenchyme (Sox9 fl/fl Prx1Cre) was found to preclude PC formation and cause widespread cell apoptosis (Akiyama et al., 2002) . To date, the molecular role of SOX9 in commitment to chondrogenesis and in PC remains largely unknown.
Pioneer transcription factors elicit cell-fate changes by: (1) accessing naive (silent and unmarked) chromatin; (2) recruiting factors capable of freeing chromatin from nucleosomal packing; (3) inducing epigenetic changes conducive to transcriptional activation or repression; and (4) assembling transcriptional complexes Zaret et al., 2016) . The chondrogenic pioneer factors remain unknown, but SOX9 is a strong candidate, given its requirement for chondrogenesis. It was put forward as a pioneer in hair follicle stem cells because markers of these cells became active upon forced expression of SOX9 in epidermal cells (Adam et al., 2015) . However, it remains unknown whether SOX9 changed the chromatin landscape of these genes.
High-throughput sequencing assays of immunoprecipitated chromatin (ChIP-seq) have shown that SOX9 binds in differentiated chondrocytes to genomic regions that carry the characteristic histone 3 lysine 27 acetylation (H3K27ac) modification of active enhancers, and lack histone 3 lysine 27 trimethylation (H3K27me3) transrepression marks Ohba et al., 2015) . However, no study has yet shown whether SOX9 itself elicits this active-transcription state.
Using whole-transcriptome and whole-epigenome sequencing approaches for mouse embryo limb buds, we identify genes specifically expressed and likely involved in PC. We show that SOX9 directly upregulates these genes and well-known earlycartilage markers, and that its actions in chondrogenic cells have little impact on neighboring cell types. We also provide evidence that SOX9 only partially contributes to inducing epigenetic modifications at precartilage and early-cartilage loci. Beyond expanding knowledge of the molecular regulation of early events in chondrogenesis, our findings also call for further studies to identify the pioneer factors that act upstream of SOX9 or along with SOX9 to commit progenitor cells to the chondrocyte lineage and initiate chondrogenesis.
RESULTS

SOX9 strengthens the actin cytoskeleton of prechondrocytes
We characterized the contributions of Sox9 at the onset of chondrogenesis using mouse embryos at E11.5 and E12.5. For E11.5, we generated Sox9 −/− and Sox9 fl/− or Sox9 +/− littermates using Cre-recombinase transgenes inactivating Sox9 in the mother and father germ lines (Akiyama et al., 2004) . As reported (Akiyama et al., 2002) , these embryos had limb buds morphologically similar to those of wild-type embryos, with no PCs yet (Fig. 1A) . For E12.5, we conditionally inactivated Sox9 in early limb-bud mesenchyme (Sox9 fl/fl Prx1CreER) because Sox9 −/− embryos die around E12.0 (Akiyama et al., 2004) . E12.5 Sox9 fl/fl embryos had readily recognizable digital condensations, whereas, as reported for Sox9 fl/fl Prx1Cre embryos (Akiyama et al., 2002) , Sox9 fl/fl Prx1CreER littermates did not (Fig. 1B) . To test whether Sox9-null presumptive chondrocytes consolidated their actin cytoskeleton, we stained E12.5 limb-bud sections with phalloidin-iFluor-488, a reagent that binds specifically to filamentous actin (F-actin). In control paws, F-actin densely lined contacts between Sox9-expressing prechondrocytes, but was sparse in distal digital mesenchyme and Sox9-negative interdigital regions (Fig. 1Ca-e) . It was equally sparse throughout the limb buds of mutant embryos (Fig. 1Cf-j) . We concluded that condensing prechondrocytes require SOX9 at least in part to reinforce and re-organize their cytoskeleton.
SOX9 may affect early limb bud gene expression cell-and non-cell-autonomously
We performed RNA-seq assays on E11.5 and E12.5 control and mutant embryo paws in order to identify changes in gene expression due to Sox9 inactivation. Sox9 fl/− embryos were a good proxy for wild-type littermate controls because their phenotype at E11.5 and later on was mild compared with that of Sox9 homozygous mutants (Bi et al., 2001; Akiyama et al., 2002) . Together, the four experimental groups expressed 12,880 genes. Of all genes, 22% (2838) had their RNA level differing by ≥1.5-fold in at least one group compared with others (Table S1) . Mutants upregulated seven genes at E11.5 and 23 at E12.5 (Table S2A ; Fig. 2A,B) . Two of the genes, Gm11681 and Cdh22, were upregulated at both stages. Gm11681 lies immediately downstream of Sox9. It encodes a long non-coding RNA with no ortholog in other genomes and no known function. Cdh22, encoding cadherin 22, is expressed in the zone of polarizing activity at E11.5, and in interdigital mesenchyme at E12.5 (Kitajima et al., 1999) . The genes that were upregulated only in E11.5 mutant limbs were not known to be involved in specific developmental pathways ( Table S2B ). Genes that were upregulated only in E12.5 mutants included Grem1, which encodes a BMP signaling antagonist (gremlin ; Table S2C ). Grem1 is expressed in subectodermal limb bud mesenchyme at E12.5 (Zúñiga et al., 1999) . Most of the other genes that were upregulated in E12.5 mutants were erythroid markers, possibly reflecting a change in the ratio of chondrogenic versus nonchondrogenic cells in mutants or a non-cell-autonomous influence of SOX9 on non-chondrogenic cells. In summary, all of the genes that were upregulated in Sox9-mutant limb buds were expressed outside of the Sox9 domain and are unlikely to be relevant to PC.
Only 23 genes were downregulated in mutant limb buds at E11.5, compared with 72 at E12.5. Key chondrocyte markers, namely Col2a1 (collagen 2), and Sox5 and Sox6 (transcription factors promoting chondrocyte differentiation), were among the 17 genes that were downregulated at both stages (Table S2D ). This gene group also included genes that may strengthen the actin cytoskeleton or affect cell-cell interaction during PC: Fam101a (filamininteracting protein), Sema3d (semaphorin 3d) and Enpp2 (ectonucleotide pyrophosphatase/phosphodiesterase 2). The genes that were downregulated only at E11.5 included Dhrs3, which encodes a dehydrogenase/reductase that attenuates retinoic acid signaling during early-embryo patterning (Kam et al., 2013) ; other genes had no known roles that would suggest their involvement at the onset of chondrogenesis (Table S2E ). The genes that were downregulated only at E12.5 included more major chondrocytedifferentiation markers, such as Matn1 (matrilin 1), Acan (aggrecan) and Papss2 (3′-phosphoadenosine 5′-phosphosulfate synthase) (Table S2F) . They also included genes with possible roles in PC, such as Ablim3 (actin-binding LIM protein 3), Nog (noggin), Sema3c (semaphoring 3c) and Myh14 (nonmuscle myosin heavy chain 14). This manual analysis thus identified many chondrocyte markers among the genes that were downregulated in Sox9-mutant limb buds, and also identified multiple genes that are possibly involved in PC. Accordingly, ingenuity pathway analysis (IPA) listed chondrocyte differentiation and cartilage development as the most affected biological processes at E12.5 (Table S3) . The analysis of temporal changes in gene expression revealed that 661 genes were upregulated (≥1.5-fold) in control paws between E11.5 and E12.5, versus 396 in mutants (Fig. 2C,D and Table S4A -C). The overlap was 340 genes. At the same time, 108 genes had their expression significantly decreased in both control and mutant paws, with an overlap of 57 genes (Fig. 2C, . This analysis thus revealed many more genes affected in mutants than the analysis of differences between controls and mutants at either E11.5 or E12.5. The difference in outcome mainly reflected the fact that many genes were more strongly upregulated in controls than in mutants between E11.5 and E12.5. IPA indicated that the 340 genes upregulated in both controls and mutants between E11.5 and E12.5 are involved in many biological processes (Table S5A ). The most relevant to limb morphogenesis were skeletal myogenesis, skeletogenesis and vascular network development. The processes that changed only in controls were related to angiogenesis, but most listed genes control many processes, including chondrogenesis, rather than only angiogenesis (Table S5B ). For example, they included Thbs1 and Thbs2, which encode pericellular matrix proteins (thrombospondins 1 and 2) and are highly expressed in chondrogenic and other areas, and Ctgf (connective tissue growth factor), which encodes a matricellular protein important in chondrogenesis and other processes (Ivkovic et al., 2003; Kyriakides et al., 1998) . The top biological processes identified for genes upregulated in only mutant groups included cell death and survival, possibly forewarning the massive cell death occurring in E13.5 Sox9-deficient paws (Akiyama et al., 2002) (Table S5C ). The genes that were downregulated between E11.5 and E12.5 in both controls and mutants, and in controls only, contribute to biological processes involved in early limb development, such as genes for HOX transcription factors and morphogens (Table S5D,E). The genes that were downregulated in mutants only, are involved in various biological processes, but most are highly expressed in cartilage (Table S5F) .
Taken together, these analyses of transcriptomic changes occurring in E11.5 and E12.5 control and Sox9-deficient limb buds revealed, as expected, many known chondrocyte markers, but also uncovered numerous genes with known or potential roles in PC, and suggested that SOX9 may have both cell-autonomous (direct) roles in PC and non-cell-autonomous (indirect) roles in concurrent processes.
PC failure has little impact on non-chondrogenic processes in early limb buds Cartilage formation occurs concomitantly with the development of other structures, and drastically changes the morphology of limb buds. Our transcriptome analyses of whole limb buds thus gave us the opportunity to address the important issue of whether cartilage failure had an impact on non-chondrogenic processes in Sox9-mutant limb buds.
Growth and patterning of early limb buds are governed by crosstalk between multiple morphogen-induced pathways (Delgado and Torres, 2017) . As mentioned earlier, RNA-seq data indicated elevated expression of Grem1 in E12.5 mutant paws. Comparison of RNA levels measured in RNA-seq and qRT-PCR validation assays revealed that this effect was due to a failure in downregulation of the gene in mutants between E11.5 and E12.5 (Fig. 3A,B) . Other genes for limb bud morphogens, such as Bmp2 and Shh, and their receptors and target genes were similarly expressed in E11.5 and E12.5 control limbs, or were upregulated or downregulated between the two stages; however, these changes were unaffected by Sox9 inactivation. We thus concluded that Sox9 expression in chondrogenic cells only discretely affects early limb-bud growth and patterning pathways. Δ P<0.05 for differences between controls and mutants; *P<0.05 for differences between E11.5 and E12.5 (Student's t-tests).
We next examined the expression levels of genes for transcription factors that specify limb-bud mesenchyme and downstream lineages in order to determine whether SOX9 affects the fate of these cells. The RNA levels for Prrx1, an early limb bud mesenchyme marker, and for several osteochondroprogenitor and tenogenic markers, such as Twist1, Sox8, Sp7, Erg, Mkx and Scx, were not significantly changed in E11.5 and E12.5 Sox9-deficient limb buds compared with controls ( Fig. 3C,D) . In contrast, Foxc1 and Foxc2, which mark osteochondroprogenitors and remain expressed in early chondrocytes, were downregulated in Sox9 mutants (Kuratani et al., 1994; Loebel et al., 2012; Hernández-Hernández et al., 2017; Iwamoto et al., 2007) . Hence, Sox9 inactivation only mildly affected expression of key markers of limb-bud mesenchyme and downstream lineages, and thus did not prompt major cell fate changes by E12.5.
Myogenic cells arise from progenitors that are distinct from the limb osteochondro-and tenogenic progenitors, but that migrate into the limb-bud mesenchyme concomitantly with the onset of chondrogenesis. Expression of Myf5 and Myog, which encode transcription factors that are crucial for skeletal myoblast specification and differentiation, was not significantly altered in mutant paws (Fig. 3E ). Likewise, expression of genes coding for endothelial-cell markers, such as Pecam and Sox18 (Marcelo et al., 2013) , and expression of the genes for vascular endothelial growth factors, were not altered either (Fig. 3F ,G). The latter findings surprised us because it has previously been proposed that SOX9 promotes vascularization around PCs by increasing Vegfa expression in prechondrocytes (Eshkar-Oren et al., 2009) . It must be noted that our findings dismiss a crucial role for SOX9 in vascular cell development, but they do not exclude a role in the distribution of blood vessels around PCs.
Taken together, these data indicated that PC failure in Sox9-deficient limb buds had no major impact on cell-lineage fate determination outside chondrogenesis until at least E12.5. We therefore focused the rest of our study on the roles of SOX9 in nascent chondrocytes.
SOX9 robustly increases the expression of chondrocytemarker genes
Early chondrocyte-differentiation markers, such as Col2a1, Wwp2 and Sox5, were already highly expressed in E11.5 control limb buds and their RNA levels increased by less than twofold by E12.5 (Fig. 4A ). These levels were reduced by less than twofold in Sox9 mutants at both stages. Late chondrocyte-differentiation markers, such as Col9a3, Sox6 and Acan, were expressed weakly or insignificantly in E11.5 control paws, and were upregulated by more than twofold by E12.5 (Fig. 4B ). These genes were not significantly expressed in mutant paws at E11.5, and the few of them that became expressed by E12.5 exhibited RNA levels more than twofold lower than in controls. This led us to draw the unexpected conclusion that SOX9 is dispensable in the initiation of earlychondrocyte-differentiation marker expression. Using well calibrated qRT-PCR assays ( Fig. S1 ), we confirmed that Col2a1, Sox5 and Sox6 were significantly expressed in E11.5 and E12.5 mutant paws (Fig. 4C ). The actual reduction in RNA level in mutants was larger for .05 for differences between controls and mutants; *P<0.05 for differences between E11.5 and E12.5 (Student's t-tests). (C) Relative RNA levels measured by qRT-PCR for major chondrocyte differentiation markers. Data are normalized to values obtained in E11.5 controls. The differences between mutants and controls are indicated in percentages.
Δ P<0.05 for differences between controls and mutants; *P<0.05 for differences between E11.5 and E12.5 (Student's t-tests). (D) RNA ISH of control and mutant embryo limb sections with Col2a1 and Sox9 RNA probes. In controls, Sox9 and Col2a1 RNAs produced strong signals in E11.5 chondrogenic mesenchyme (arrows) and E12.5 PCs. Col2a1 RNA is detected in the ectoderm (arrowheads) at both stages, and in E11.5 mutant mesenchyme (arrows). Asterisks indicate patchy signals seen for Sox9 and Col2a1 RNAs in E12.5 mutant mesenchyme, identifying cells in which Sox9 escaped inactivation. Scale bar: 50 µm.
Col2a1 when determined by qRT-PCR (fivefold at E11.5 and sevenfold at E12.5) than by RNA-seq, but it was similar for the other genes. RNA in situ hybridization (ISH) assays showed, as expected, that Col2a1 was expressed robustly and along with Sox9 in chondrogenic cells in E11.5 and E12.5 control limb buds (Fig. 4D) . It was also expressed in control ectoderm, as has previously been reported (Nakamura et al., 2006) , and similarly expressed in the ectoderm of mutant paws, but was weakly detectable in mutant mesenchyme. We concluded that chondrocyte-differentiation markers may rely on SOX9 for activation in chondrogenic cells, but the earliest markers do not require SOX9 to become active.
SOX9 upregulates precartilage-marker genes
Our transcriptome profiling experiments gave us a unique opportunity to increase the current knowledge of genes expressed during PC and dependent upon SOX9. Tnc (tenascin C) and Nog have previously been shown to mark PCs (Hall and Miyake, 2000; Mackie et al., 1987; Pizette and Niswander, 2000) and were thus unsurprisingly found to be upregulated between E11.5 and E12.5 in a SOX9-dependent manner (Fig. 5A ). It has previously been proposed that Cdh2 (N-cadherin) promotes PC (Oberlender and Tuan, 1994) , but it was equally expressed in controls and mutants at both stages, indicating that PC does not involve a change in expression of this gene.
Several genes that have not previously been linked to PC caught our attention because they were more strongly upregulated in controls than in mutants between E11.5 and E12.5, and encode proteins that interact with the actin cytoskeleton. Among them, Ablim3 encodes an actin-binding LIM protein 3 (Matsuda et al., 2010) ; Enpp2 encodes autotaxin, which is important for cartilage formation and actin stress fiber formation (Nishioka et al., 2016) ; Fam101a encodes a filamin-interacting protein, is highly expressed in developing cartilage, and promotes actin dynamics and cartilage formation in redundancy with Fam101b (Mizuhashi et al., 2014) ; and Myh14 encodes the non-muscle myosin heavy chain 14, an actin-cytoskeleton-interacting protein. Sema3c and Sema3d also caught our attention because they encode short-range morphogens that have previously been shown to control cell-cell adhesion and repulsion in processes such as collective endothelial cell migration and cardiogenic mesenchyme formation (Hamm et al., 2016) . qRT-PCR assays for Fam101a, Myh14, Sema3c and Sema3d, and RNA ISH assays for Sema3c and Sema3d consolidated our RNAseq findings (Fig. 5B,C) , and led us to conclude that these genes may promote PC downstream of SOX9.
We used a standard assay for limb bud cell micromass in vitro (Underhill et al., 2014) to test whether Sema3c and/or Sema3d might influence chondrogenesis. Knockdown of Sema3c either alone or in combination with Sema3d significantly reduced the ability of the cells to form cartilaginous nodules (Fig. 5D and Fig. S2 ). Exogenous addition of SEMA3C protein increased cell condensation and slowed down overt chondrogenesis, whether the cells were stimulated by the addition of BMP7 or not (Fig. 5E) . These gain-of-function effects were mild, however, possibly because of endogenous expression of semaphorins. These functional data in vitro thus further suggest that Sema3c and/or Sema3d might have key roles in the early steps of chondrogenesis.
SOX9 directly transactivates precartilage-marker genes SOX9 upregulates many chondrocyte-specific genes by cooperatively binding with SOX5 and/or SOX6 on enhancers associated with these genes . To test whether SOX9 similarly controls precartilage-markers, we generated ChIP-seq profiles for H3K27ac (active enhancer mark) in E12.5 limb buds and compared them with SOX9 ChIP-seq profiles (Garside et al., 2015) . We found that SOX9 associated with four enhancers located upstream of Fam101a and with the Myh14 promoter (Fig. 6A) . It was also bound to several enhancers within Sema3c and Sema3d. For each of these genes, we selected the region most efficiently bound by SOX9 (highest ChIP-seq peak) and tested it in a reporter assay in the non-chondrocytic HEK-293 T cell line. As expected, the enhancer-less reporter had minimal activity, even upon forced expression of SOX9 and/or SOX6 (Fig. 6B ). The Fam101a region had no effect in the absence of exogenously expressed SOX protein, whereas the Myh14, Sema3c and Sema3d regions, and an Acan enhancer region used as a positive control, augmented the promoter activity up to 6.6-fold. In each case, SOX6 alone was inactive, but SOX9 alone, or combined with SOX6, significantly upregulated the reporters. Together with RNA-seq findings, these ChIP-seq and reporter data concurred that SOX9 directly transactivates precartilage-marker genes.
SOX9 promotes epigenetic changes at precartilage-and cartilage-marker genes
In addition to transactivating precartilage-or cartilage-specific genes, SOX9 may direct chondrogenesis through pioneer functions. To test this possibility, we characterized epigenetic profiles in Sox9-control and Sox9-mutant limb buds through ChIP-seq assays. We first carried out global analyses by averaging epigenetic profiles for the entire genome or for 623 genes listed by IPA as chondrocytedifferentiation and cartilage-development markers (Table S7 ). Both analyses revealed lower average signals for active promoters (H3K4me3) and active transcription (H3K36me3) in E11.5 Sox9 mutant limb buds compared with controls ( Fig. 7A and Fig. S3 ). These differences were accompanied by larger average signals for transrepression (H3K27me3), but unchanged signals for poised or active enhancers (H3K4me1) and active enhancers (H3K27ac). By E12.5, Sox9 mutants no longer showed reduced marks for active promoters and transcription. They had partially caught up with removing transrepression marks, and were now displaying weaker active-enhancer marks. We concluded that SOX9 helps to remove transrepression marks and to add active-enhancer marks in early limb bud cells.
We next examined epigenetic modifications at individual loci, starting with Col2a1 and its ubiquitously expressed 5′ neighbor Senp1 (sentrin-specific protease-1). Promoter and activetranscription marks indicated that both genes were expressed in control and Sox9-null limb buds at E11.5 and E12.5 (Fig. 7B) . These marks were weaker in mutants than in controls for Col2a1, but not for Senp1. Transrepression marks were absent within and around Senp1, but present at the Col2a1 promoter, where they were stronger in mutants than controls at both developmental stages. No significant difference was detected between controls and mutants for H3K4me1 signatures at either locus. Although H3K27ac marks were identical at the Senp1 locus in control and mutant paws, differences were observed at the Col2a1 locus. Five major activeenhancer peaks (designated as P1 to P5) were detected within and upstream of the Col2a1 gene body in control paws at E11.5 and E12.5. P1 and P2 (located upstream of the gene) were not detected in E11.5 mutants and were weaker in E12.5 mutants than in controls. P3 (located close to P2) and P4 (located at the level of the promoter and first intron) were detected in mutants, but were smaller than in controls at both stages. Contrasting with P1 to P4, P5 (encompassing exons 16 to 19) was unaffected in mutants. This peak intrigued us because, unlike others, it was not detected in newborn mouse cartilage (Ohba et al., 2015) and RCS chondrocytic cells . We therefore compared the H3K27ac profiles available for various developmental stages (Fig. 7C) . P5 was the most prominent peak in the Col2a1 locus in E9.5 limb buds, whereas P4 and P3 were small. The relative heights of these peaks changed over time. P5 became small by E14.5, and P4 became prominent, followed by P3 and P1. By birth, P5 was no longer protruding from an H3K27ac peak that had a low intensity but covered the entire Col2a1 gene, whereas P4, P3 and P1 remained prominent, and additional small peaks became detectable. Interestingly, SOX9 ChIP-seq assays performed at E12.5 detected P1 to P4, but not P5, and assays performed at birth showed the same SOX9 peaks and additional ones, but not P5. Taken together, these data supported a model whereby SOX9 binds to multiple enhancers in the Col2a1 locus, contributes to removing transrepression marks at the promoter, and helps to increase active-promoter and activeenhancer marks, but does not bind to and does not epigenetically modify the P5 enhancer located in the middle of the gene. We speculate that this enhancer drives Col2a1 expression in limb bud ectoderm, whereas the others are primarily active in the chondrocyte lineage. (Table S7 ). The characteristic bimodal shape of the H3K4me1 profile is more apparent at E12.5 than at E11.5, likely because peaks are smaller. (B) Histone modification profiles at the Col2a1 and neighboring gene loci in E11.5 Sox9 +/+ and Sox9 −/− and E12.5 Sox9 fl/fl and Sox9 fl/fl Prx1CreER embryo limb buds. H3K27ac peaks are labeled P1 to P5, and their summits are identified with vertical bars. (C) Comparison of H3K27ac (green) and SOX9 (blue) peak profiles at the Col2a1 locus for E9.5 to E14.5 limbs and for newborn mouse rib cartilage. The P1 to P5 peaks for H3K27ac are indicated. Their summits, and the summits of additional peaks, are marked with vertical bars. Light beige highlight indicates gene bodies.
The loci for other precartilage-and cartilage-marker genes showed epigenetic changes consistent with RNA-seq data and with global and Col2a1 epigenetic changes, although with variations among genes. For example, the Fam101a and Sema3d loci showed an increase in active-promoter and active-enhancer marks, and a decrease in transrepression marks between E11.5 and E12.5 (Fig. 8A) . According to the stronger SOX9 dependency of Fam101a, the active-promoter mark was more affected by Sox9 inactivation in Fam101a than in Sema3d. Wwp2 and Mir140, which resides within the 3′ end of Wwp2, are both highly expressed in developing cartilage and required for proper chondrogenesis (Miyaki et al., 2010) . Despite its high expression from E11.5 and modest SOX9 dependency, Wwp2 showed hardly any change in active-promoter and transrepression marks in E11.5 and E12.5 control and Sox9-mutant limb buds (Fig. 8A) . In contrast, Mir140 had an active-promoter mark that strongly increased between E11.5 and E12.5, and was tightly dependent upon Sox9 expression at both stages. Many enhancers were located between the two gene promoters, were occupied by SOX9 and showed SOX9-dependent increases in H3K27ac marks. Other cartilage markers, such as Col9a3 and Acan, had stronger transrepression marks in Sox9-deficient limb buds than in controls at E11.5, and these marks decreased by E12.5 independently of SOX9. Concomitantly, and in agreement with the stronger upregulation of Col9a3 than Acan between E11.5 and E12.5, Col9a3 showed increases in activepromoter and active-enhancer marks that were largely SOX9 dependent, whereas the Acan locus maintained low activepromoter and active-enhancer marks.
We then analyzed ENCODE data to determine whether the epigenetic modifications observed at pre-and cartilage loci in Sox9-mutant limb buds were also seen in tissues that do not normally express Sox9, such as embryonic and adult liver (RPKM values for Sox9 were 0.2 and 0.9 in E14.5 and 8-week-old mouse liver, respectively, and 30.6 for E14.5 limbs; ENCODE BioProject PRJNA66167). No significant marks of active promoter (H3K4me3), enhancer (H3K27ac) and transcription (H3K36me3) were detected at the Col2a1 and Acan loci in these tissues (Fig. S4) . However, poised enhancer (H3K4me1) and repression (H3K27me3) marks were present within or upstream of the gene bodies in adult liver (data were not available for fetal liver). These findings thus support the notion that precartilage-and cartilagespecific genes are in a poised or repressed state in non-chondrogenic tissues, and that the epigenetic marks of active transcription observed in Sox9-deficient limb buds may genuinely reflect Sox9-independent initiation of the chondrogenic program.
To determine whether SOX9 solely modifies the epigenetic status of precartilage and early-cartilage genes, we analyzed markers of late-stage growth-plate chondrocytes, such as Ihh (Indian hedgehog) and Runx2, and genes active in limb bud cells that do not express Sox9, such as α-globin genes and the tenocyte markers Scx, Mkx, Tnmd and Kera (Fig. 8B) . Interestingly, although activepromoter and active-enhancer marks were not affected by Sox9 inactivation, transrepression marks were stronger at most genes in E11.5 Sox9 mutants than in controls, as seen for pre-and earlycartilage genes.
In conclusion, SOX9 is dispensable in the initiation of important epigenetic modifications at the onset of chondrogenesis. It nevertheless helps remove transrepression marks in a non-specific manner, which is likely to facilitate its identification of specific targets. Upon binding to its targets, SOX9 then enhances activetranscription signatures and engages in transactivation.
DISCUSSION
This study increased our understanding of mechanisms whereby skeletogenic cells initiate chondrogenesis and are directed by SOX9 in this process. It uncovered several genes that are controlled by SOX9 and that are likely to be crucial for PC by strengthening the actin cytoskeleton and by promoting homotypic cell-cell adhesion and heterotypic cell-cell repulsion. Furthermore, this study disconcerted our expectations by revealing that SOX9 helps but is not required for pioneer actions eliciting removal of epigenetic transrepression marks and adding active-promoter and activeenhancer marks at precartilage-and cartilage-specific loci. SOX9 is thus a crucial chondrogenic transcription factor, but not a master pioneer factor in nascent chondrogenesis.
PC initiates major morphological changes in embryos and it is SOX9 dependent. This study proposed several candidate effectors of this process, including Fam101a and other actin-cytoskeleton regulators. FAM101A and FAM101B interact with filamins to facilitate actin bundling (Gay et al., 2011) . Actin bundles become particularly abundant during PC and allow cells to generate force and resist mechanical deformation. Fam101a/Fam101b-null mice exhibit vertebral fusions and delayed growth, and primary chondrocytes that are derived from them have fewer actin bundles (Mizuhashi et al., 2014) . Although inactivation of Fam101a, Fam101b and any other PC-candidate gene was not reported to affect PC in vivo, the failure of PC in the absence of SOX9 may occur because multiple genes are simultaneously downregulated. Similarly, the single inactivation of any cartilage-matrix component gene does not preclude chondrogenesis, but the combined downregulation of all genes in Sox9 mutants does.
Cartilage is devoid of vascular, neural and any other nonchondrocytic cells. This exclusive cellular composition is initiated during PC through as yet elusive mechanisms. Its SOX9 dependency was first suggested when Sox9 +/+ /Sox9 −/− mouse chimeras were found to expel Sox9 −/− cells from exclusively Sox9 +/+ PCs (Bi et al., 1999) . This intriguing observation implied the existence of a cell-autonomous mechanism of homotypic adhesion of Sox9 +/+ chondrogenic cells along with a mechanism of heterotypic cell exclusion driven by Sox9-expressing cells. It was later proposed that the exclusion of endothelial cells from PCs was orchestrated by VEGF produced by prechondrocytes in a SOX9-dependent manner (Eshkar-Oren et al., 2009) . In the present study, however, the VEGF genes and endothelial-cell markers were expressed at normal levels in Sox9-deficient limb buds. SOX9 is thus unlikely to control VEGF expression in prechondrocytes and must use another mechanism to prevent PC vascularization. Interestingly, our findings that Sema3c and Sema3d are highly expressed in PCs and significantly downregulated in the absence of Sox9 offer a new molecular basis for the homotypic adhesion of prechondrocytes and exclusion of other cell types. Previous in vitro studies showed that SEMA3D promotes homotypic adhesion of mesenchymal cells and exclusion of endothelial cells from cardiogenic tissue (Hamm et al., 2016) , and similar roles were shown for SEMA3C, SEMA3D and other SEMA3 proteins in various processes (Gaur et al., 2009; Liu and Halloran, 2005; Mammoto et al., 2011) . Our gain-and loss-of-function experiments in vitro provide additional evidence that SEMA3C and/or SEMA3D may facilitate PC. In vivo, the knockdown of sema3d in zebrafish embryos was found to cause dramatic reductions and malformations of lower jaw cartilage, suggesting that the fish gene has important roles in jaw chondrogenesis and that these roles are not compensated for by other genes (Berndt and Halloran, 2006) . Skeletal defects were not reported for Sema3c-null and Sema3d-null mice (Degenhardt et al., 2013; Feiner et al., 2001) . As the two genes encode similar proteins and are co-expressed in mouse PCs, it is possible that they act redundantly in mammals and thus, unlike single-null mutants, double-null mutants would be skeletally compromised.
In addition to endothelial cell markers, genes encoding important limb-bud patterning factors and key specification and differentiation factors for other cell types also showed normal expression in Sox9-deficient limb buds. These cell types included limb-bud progenitor cells, osteochondroprogenitors, tenocytes and myoblasts. Thus, although it is accepted that the formation of the musculoskeletal system involves spatial and temporal coordination between all tissues, our data indicated that crosstalk between chondrocytic and other cell types does not initiate or does not require SOX9 before E12.5. Supporting this conclusion, previous studies have shown that tenogenesis is necessary for bone ridge formation and that mechanical force generated by muscle is necessary for joint formation, but that bone ridge and joint defects were not detected in mutant mice before E13.5 Kahn et al., 2009) . Also supporting our conclusion, massive cell death, likely involving chondrogenic and other cells, has previously been detected in Sox9-deficient limb buds at E13.5, but not earlier (Akiyama et al., 2002) .
RNA-seq and ChIP-seq assays recently widened the known spectrum of genes transactivated by SOX9 in differentiated chondrocytes from dozens to thousands (Garside et al., 2015; Liu and Lefebvre, 2015; Ohba et al., 2015) . We further broadened this spectrum by identifying SOX9 targets in prechondrocytes and we also started to address the issue of pioneer actions of SOX9 in the chondrocyte lineage. Forced expression of SOX9 has previously been shown to be sufficient to activate genes characteristic of differentiated chondrocytes or hair follicle stem cells in cells not committed to these lineages, but molecular evidence of pioneer functions for SOX9 has not yet been put forward (Adam et al., 2015; Bell et al., 1997; Ikeda et al., 2004; Kishi et al., 2011) . The fact that forcedly expressed SOX9 activated chondrocyte markers in only few cell types suggests that other factors have chondrogenic pioneer functions upstream of SOX9, or along with SOX9. Consistent with this idea, we showed that SOX9 helps to broadly remove transrepression marks and consolidate histone marks of active transcription at precartilage-and cartilage-specific loci, but is dispensable to initiate these events.
Pioneer transcription factors act at multiple levels. They first bind to closed chromatin. In agreement with this capability, SOX9 has previously been shown to bind and displace nucleosomes on a Col2a1 chromatin template in vitro (Coustry et al., 2010; Furumatsu et al., 2005) . Once bound to closed chromatin, pioneer factors recruit histone-modifying enzymes. SOX9 binds the genome of differentiated chondrocytes to enhancers that harbor H3K27ac marks and are occupied by p300 (Ohba et al., 2015) . This protein, and its close relative CBP, are both histone acetyltransferases and transcriptional co-activators, and have been shown to physically interact with SOX9 and help SOX9 transactivate a Col2a1 reporter in vitro (Furumatsu et al., 2005; Tsuda et al., 2003) . SOX9 thus likely recruits CBP/p300 in vivo to establish or secure activeenhancer signatures in precartilage or cartilage-specific genes. The removal of H3K27me3 repressor marks typically involves histone demethylases. The ARID5B transcriptional co-activator physically associates with SOX9 and recruits the histone demethylase PHF2 to SOX9 target genes in chondrocytes in vitro (Hata et al., 2013) , and the histone demethylase KDM4B has been proposed to promote chondrogenesis downstream of TGFβ (Lee et al., 2016; Yapp et al., 2016) . Many histone demethylases are broadly expressed, and we did not find evidence that SOX9 upregulates any of their genes in limb buds. More studies are needed to definitively determine which histone demethylases work with SOX9 to prime precartilage or cartilage-specific genes for activation. In addition, studies involving ATAC-seq or DNase-seq assays are needed to definitively test whether SOX9 has chondrogenic pioneer factor activities and to what extent these activities are necessary and sufficient to modify chromatin accessibility at chondrocyte-specific loci.
Beyond suggesting genuine chondrogenic pioneer functions for SOX9, our findings also suggested that SOX9 may not be the first factor to access and remodel chromatin at chondrogenic loci, but may intervene secondarily to secure and reinforce active-chromatin states. Concerted actions have been shown in pluripotent embryonic stem cells for the four master regulators, SOX2, POU5F1 (also known as OCT4), KLF4 and MYC (Soufi et al., 2015) , and several transcription factor types have been shown to serve as pioneers in other cells. Best known are Forkhead transcription factors, with FOXA and its GATA partners having served as pioneer paradigms in hepatogenesis (Golson and Kaestner, 2016; IwafuchiDoi and Zaret, 2016) . Two Forkhead genes, Foxc1 and Foxc2, are expressed in skeletogenic mesenchyme and are necessary for proper chondrogenesis (Kume et al., 1998; Motojima et al., 2016; Zhao et al., 2015) . We showed here that they are expressed in Sox9-deficient limb buds, albeit at a lower level than in controls. Their proteins could thus initiate chondrogenesis before, together with or downstream of SOX9. In the GATA family, Gata6 is expressed in mouse embryo PCs, but its roles have yet to be assessed (Alexandrovich et al., 2008) . Multiple pioneer factors are, therefore, likely to control chondrogenesis.
By showing that SOX9 may make key pioneer contributions in early chondrogenesis, our study suggests that SOX9 could also have similar actions in other processes, and more SOX proteins could have pioneer actions than is currently known (Hou et al., 2017) . Beyond its roles in pluripotent stem cells, SOX2 initiates an essential SOX code in neurogenesis. Crucial in neural stem cells, it is succeeded by SOX4 and SOX11 (SOXC group proteins) in nascent neuronal cells, and by SOX8, SOX9 and SOX10 (SOXE group proteins) in overt neurogenesis (Bergsland et al., 2011; Reiprich and Wegner, 2015) . A similar code might operate in chondrogenesis, as Sox4 and Sox11 are expressed and are instrumental in skeletogenic mesenchyme (Bhattaram et al., 2014) . SOX8 and SOX10 act in redundancy with SOX9 in several lineages, including Sertoli cells and neural crest cells (Barrionuevo and Scherer, 2010; Reiprich and Wegner, 2015) . Sox8 is also co-expressed with Sox9 in skeletogenic cells (Sock et al., 2001) , and its modest but significant expression is unchanged in Sox9-deficient limb buds. SOX8 and SOX9 may thus share functions in prechondrocytes, with SOX8 being able to epigenetically modify and initiate the expression of precartilage or cartilage genes in the absence of SOX9. This hypothesis would reconcile evidence from previous studies that SOX9 has pioneer functions in vitro and in vivo, and from the present study that SOX9 is dispensable for initial chondrogenic actions. Taken together, this study further illuminates our understanding of chondrogenesis and provides leads for new investigations towards fully deciphering the pioneer mechanisms that initiate chondrogenesis and cell-fate determination in various developmental, physiological and disease processes.
MATERIALS AND METHODS
Mice
Mice were used as approved by the Cleveland Clinic Institutional Animal Care and Use Committee. All were on a mixed genetic background (CD1/ 129/C57BL6). Sox9 mutant and control littermates were generated using breeders carrying Sox9 wild-type and conditional-null alleles (Kist et al., 2002), and PrmCre (O'Gorman et al., 1997) , Zp3Cre (Lewandoski et al., 1997) or Prx1CreER transgenes (Kawanami et al., 2009) . PrmCre and Zp3Cre are expressed in the male and female germ lines, respectively. They were used to generate Sox9 −/− embryos (Akiyama et al., 2004) . Prx1CreER was used to inactivate Sox9 in limb bud mesenchyme before the onset of skeletogenesis. Pregnant females carrying Sox9 fl/fl Prx1CreER embryos were injected intraperitoneally with 0.5 mg tamoxifen/10 g of body weight at E9.5. Genotyping was carried out using previously described PCR strategies (Kist et al., 2002; Kawanami et al., 2009 ).
RNA-seq assay
Mouse embryo limb buds were harvested in ice-cold PBS, incubated in RNAlater (Thermo Fisher Scientific) at 4°C overnight and stored at −20°C. Total RNA was extracted and purified using the RNeasy Mini Kit (Qiagen) after limb-bud homogenization in the kit RLT lysis buffer using disposable pellet pestles (Fisherbrand) . RNA quality and quantity were assessed using a 2100 Bioanalyzer (Agilent Technologies). Only samples with an RNA integrity number (RIN) >9 were processed for RNA-seq assays. Libraries were generated from 250 ng RNA using the TruSeq Stranded Total RNA Sample Prep Kit (Illumina) and sequenced with an Illumina HiSeq 2500 System (Genomics Core Facility, University of Chicago).
RNA-seq data were analyzed using the Strand NGS pipeline, as described in Liu and Lefebvre (2015) . In brief, single-end reads were aligned to the mouse genome (mm10), and unmapped and duplicate reads filtered out. RNA levels were expressed as numbers of reads per kilobase of exons per million of total reads (NRPKM). Differential RNA levels among samples were determined using one-way ANOVA followed by post-hoc Tukey HSD test. Asymptotic analysis was used for P-value computation, followed by the Benjamin-Hochberg procedure for multiple-testing correction. For a gene to be included in downstream analyses, its RNA level average had to be ≥3 NRPKM in at least one sample type, and ≥1.5-fold different in at least one sample type compared with others, with P≤0.05. Gene ontology analysis was performed using IPA (Qiagen).
qRT-PCR assay
Total RNA was prepared using TRIzol (Life Technologies) and the RNeasy Mini Kit. cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). qPCR was performed using the StepOne Plus Real Time PCR system (Thermo Fisher Scientific) and SYBR Green PCR Master Mix (Thermo Fisher Scientific). Primers and PrimeTime qPCR Primer Assays (Integrated DNA Technologies) are listed in Table S6A . PCR consisted of one cycle at 95°C for 10 s followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. Relative mRNA levels were calculated using the ΔΔCt method, with Actb or Hprt levels as references.
ChIP-seq assay
Embryo limb buds were collected in ice-cold PBS and fixed in DMEM containing 1% formaldehyde and 10% fetal calf serum for 15 min at room temperature. After stopping crosslinking with 0.125 M glycine for 5 min, limb buds were washed three times in ice-cold PBS, homogenized with a pestle in buffer 1 [50 mM HEPES, pH 7.5, 140 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10% glycerol, 0.5% IGEPAL CA-630 (Sigma-Aldrich), 0.25% Triton X-100 and 1× Protease Inhibitor Cocktail (PIC; Roche)], and left on ice for 10 min. After centrifugation, cell pellets were resuspended in buffer 2 [10 mM Tris-HCl, pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM ethylene glycol tetraacetic acid (EGTA) and PIC] and incubated at room temperature for 10 min, on a shaker, to extract chromatin. Following centrifugation, chromatin pellets were stored at −80°C. Chromatin from 20-40 limbs was pooled according to genotype in buffer 3 (10 mM Tris-HCl, pH 8, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 5% sarkosyl and PIC) and processed as described in Liu and Lefebvre (2015) . Briefly, chromatin was sheared into 100-500 bp fragments using a Bioruptor sonication system (Diagenode). Supernatants were recovered by centrifugation at 6000 g for 5 min. Then, 2 µg of H3K27ac (Abcam, ab4729), H3K4me1 (Abcam, ab8895), or H3K4me3 (Abcam, ab8580) rabbit polyclonal antibodies, 5 µg of H3K27me3 mouse monoclonal antibody (Abcam, ab6002), or 5 µg of H3K36me3 rabbit polyclonal antibodies (Abcam, ab9050) were coupled with 20 µl Dynabeads (Life Technologies) and incubated with chromatin fragments in 1 ml of buffer 3 at 4°C overnight. All antibodies have been validated in numerous previous studies, including Liu and Lefebvre (2015) . Magnetic beads were washed with RIPA buffer (1% IGEPAL, 1% sodium deoxycholate, 1 mM EDTA, 50 mM HEPES, pH 7.5, and 0.5 M LiCl) and immunoprecipitated chromatin fragments recovered in elution buffer (50 mM Tris-HCl, pH 8, 10 mM EDTA, and 1% SDS). After reverse-crosslinking at 65°C overnight, DNA was purified by phenol/chloroform/isoamyl alcohol extraction and ethanol precipitation. Libraries were generated using TruSeq ChIP library preparation kits (Illumina) and single-end reads were obtained using a HiSeq 2500 platform (Illumina).
ChIP-seq data FASTQ files were aligned to the mouse genome (mm10) using the Strand NGS pipeline. Unmapped and duplicate reads were filtered out. Peak calling for SOX9 and histone modifications was carried out using MACS software (version 1.4.5) with default setting (effective genome size, 1.87e+09; band width, 300; model fold, 10, 30; P-value cutoff, 1.00e-05; and range for calculating regional lambda, 1 to 10 kb). Corresponding input libraries were used as controls. Peaks with a false discovery rate <1% were retained for analysis. Strand NGS software was used for peak visualization and region comparison, and the PAVIS tools to assign SOX9 peaks and modified-histone regions to the nearest genes, as has previously been described (Huang et al., 2013; Liu and Lefebvre, 2015) . ChIP-seq data were downloaded from the GEO repository for SOX9 in E12.5 limb buds (GSE73225; Garside et al., 2015) ; for H3K27ac in E9.5 and E10.5 limb buds (GSE45456; Andrey et al., 2013) ; for H3K27ac in E14.5 limb buds (GSE31039; ENCODE/LICR); for SOX9 and H3K27ac in newborn ribs (GSE69108; Ohba et al., 2015) ; and liver samples (GSE31038, ENCODE Project Consortium, 2012).
Histology, immunostaining and RNA ISH
Mouse embryos were fixed in 4% paraformaldehyde overnight at 4°C. Paraffin embedding, sectioning at 7 µm and section staining with Hematoxylin and Eosin (H&E) were performed following standard protocols. To make frozen sections, fixed embryos were impregnated sequentially in 10%, 15% and 20% sucrose, and were left to sink in a 1:1 mix of 20% sucrose and OCT overnight at 4°C. Limb buds were embedded in a 1:3 mix of 20% sucrose and OCT. Cryosections were made at 10 µm in thickness.
For immunostaining, frozen sections were washed in PBS for 5 min and in PBT (PBS, 1% BSA and 0.1% Triton X-100) for 5 min thrice. They were blocked in PBT containing 10% donkey serum for 1 h at 4°C and then incubated overnight at 4°C in a humidified chamber with SOX9 antibody (Millipore, AB5535, 1:1000; validated in Yao et al., 2015 and . Following three 10 min washes in PBT, sections were incubated with Alexa Fluor 549-conjugated donkey anti-rabbit secondary antibody (Thermo Fisher Scientific, A21207, 2 µg/ml) and CytoPainter Phalloidin-iFluor 488 Reagent (Abcam, ab176753, 1:1000) for 2 h at room temperature. Signals were visualized and captured by confocal microscopy. Images were processed using Adobe Photoshop CS6 software.
RNA ISH was carried out using anti-sense RNA probes synthesized with digoxigenin (DIG) RNA labeling mix (Roche) from linearized plasmid templates (Table S6B) . Mouse embryo sections were deparaffinized, rehydrated, washed in PBS containing 0.1% diethylpyrocarbonate (DEPC-PBS), post-fixed in 4% formaldehyde for 20 min and treated with 20 µg/ml of proteinase K in DEPC-PBS for 7.5 min. After an additional post-fixation in 4% formaldehyde for 20 min and two washes in DEPC-PBS, sections were acetylated with 1.5% triethanolamine in 0.03 N HCl and 0.25% acetic anhydride to reduce electrostatic binding of probes. They were then washed, dehydrated and air-dried. Probes were diluted at 0.25 ng/kb/µl in hybridization buffer (10 mM Tris-HCl, pH 7.5, 600 mM NaCl, 1 mM EDTA, 0.25% SDS, 0.2% dextran sulfate, 0.02% Ficoll 400, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 200 µg/ml yeast tRNA and 50% formamide) and added onto each slide for hybridization at 60°C overnight. After post-hybridization washes and treatment with 20 µg/ml RNAse A and 1 µg/ml RNAse T1 (Thermo Fisher Scientific, 12091-021 and AM2283, respectively) in NTE buffer (10 mM Tris-HCl, pH 8, 0.5 M NaCl, and 5 mM EDTA) for 30 min at 37°C, sections were incubated in 1% blocking reagent in MAB buffer (0.1 M maleic acid, pH 7.5, and 0.15 M NaCl) for 1 h. Alkaline phosphatase-conjugated digoxygenin antibody (Sigma-Aldrich, 11093274910, 1:5000) was added for 16 h at 4°C. After washes in MAB and alkaline phosphatase buffer (0.1 M Tris-HCl, pH 9.5, 0.1 M NaCl, 50 mM MgCl 2 , 0.1% Tween 20, and 2 mM levamisole), slides were incubated with BM purple solution (Roche) at 4°C in the dark until specific or background signal appeared (24 to 96 h). The reaction was stopped with 10 mM EDTA in PBS. Slides were mounted with DAKO aqueous medium. Images were captured under microscopy with a digital camera and processed using Adobe Photoshop CS6 software.
Micromass culture
Mesenchymal cells were isolated from E11.5 embryo limb buds as described by Underhill et al. (2014) . Briefly, limb buds were digested with dispase to obtain single-cell suspensions. Cells were re-suspended in medium at 2×10 7 / ml and plated as 10 µl micromasses. After 2 h, DMEM/F12 medium with 10% FBS, 50 µg/ml ascorbic acid, 1 mM sodium pyruvate and 1 mM L-cysteine was gently added. For loss-of-function experiments, each micromass was transfected with 10 pmol control siRNA or specific siRNA for Sema3c or Sema3d (Thermo Fisher Scientific) and 1.5 µl RNAiMAX (Thermo Fisher Scientific). For gain-of-function experiments, recombinant mouse SEMA3C and human BMP7 (R&D Systems) were added to the medium at 500 ng/ml and 100 ng/ml, respectively, at culture days one and three. Staining with 10 µg/ml rhodamine-labeled peanut agglutinin (PNA, Vector Laboratories) was performed after fixation with 4% PFA. Staining with 1% Alcian blue 8GX (Fisher Scientific) was performed following fixation with 4% formalin and a wash with 0.2 M HCl. Staining intensities were quantified using NIH ImageJ software.
Reporter assay
Selected SOX9-bound genomic regions were amplified by PCR using mouse DNA and specific primers (Table S6C) . PCR products were cloned in a reporter plasmid upstream a minimal Col2a1 promoter driving the firefly luciferase gene (Lefebvre et al., 1996) and sequence-verified. Thirty thousand HEK-293T cells (recently amplified from an ATCC CRL-3216 vial) were cultured in each well of 24-well plates overnight and then transfected with a mixture including DMEM, FuGENE6 (Promega), 150 ng reporter, 33.3 ng pGFP plasmid, 25 ng pSV2bgal plasmid, 50 ng SOX9 expression plasmid, 50 ng SOX6 expression plasmid and empty plasmid (up to 400 ng DNA). After 40-42 h, cells were collected in Tropix lysis buffer (100 mM potassium phosphate, pH 7.8, 1 mM DTT, 0.2% Triton X-100). Reporter activities were measured using a Dual-Light luciferase and β-galactosidase reporter gene assay system (Thermo Fisher Scientific). Promoter activation folds were calculated by dividing the activities of reporters containing a promoter and enhancer region by the activity of the related promoter-only reporter. They were normalized for transfection efficiency and calculated as mean±s.d. for technical triplicates. The statistical significance of fold changes among samples was determined using the two-tailed Student's t-test (P<0.05).
Fig. S1. Validation of qRT-PCR assays.
To ensure that our qRT-PCR method correctly measured the relative levels of Sox9 and Col2a1 RNA, we prepared RNA from newborn mouse rib cartilage and skeletal muscle, and mixed the samples in distinct ratios: 0% cartilage/100% muscle; 33.3% cartilage/66.7% muscle; 66.7% cartilage/33.3% muscle, and 100% cartilage/0% muscle. All samples had similar levels of β-actin RNA, which were used for normalization. The linear fitness equation and R-squared demonstrate that our assay accurately quantified the relative levels of Sox9 and Col2a1 RNAs present in these samples. Importantly, the level of Col2a1 RNA measured in the sample containing only muscle RNA was zero. This result consolidates evidence that our positive detection of Col2a1 RNA in Sox9-deficient limb buds is real (not due to background noise).
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